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Abstract 

We have developed an approach to grow high quality ultrathin films of L^-xSr^CuC^ 
with molecular beam epitaxy, by adding a homoepitaxial buffer layer in order to 
minimize the degradation of the film structure at the interface. The advantage of 
this method is to enable a further reduction of the minimal thickness of a supercon- 
ducting Lai.gSro.iCu04 film. The main result of our work is that a single unit cell 
(only two copper oxide planes) grown on a SrLaA104 substrate exhibits a supercon- 
ducting transition at 12.5 K (zero resistance) and an in-plane magnetic penetration 
depth A a b(0) = 535 nm. 
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1 Introduction 



Growing very thin superconducting films with well-characterized and interest- 
ing physical properties is a difficult challenge for the material scientist. In an 
attempt to reduce the smallest superconducting thickness, we have developed 
a homoepitaxial technique for the growth of La2- ;E Sr. E Cu04 (LSCO), using a 
normal metallic buffer layer with a strontium (Sr) concentration x=0.4. On 
this metallic buffer, we grow the physically relevant structure, i.e. a few unit 
cells of Lai.gSro.iCuOzi. On top of this film an additional two unit cell thick 
Lai.6Sr .4CuO4 metallic cap (x=0.4) is deposed for protection (Fig. 1 a). 

So far the thinnest superconducting optimally doped LSCO film directly grown 
on a SrLaA104 substrate was 2 unit cell 1 (UC) thick with a superconducting 
critical temperature of 10 K and a superconductivity onset around 35 K [1]. We 
have reproduced this result, with the same thickness on the same substrate, 
resulting in a T c (R=0) of 10 K and a superconductivity onset near 35 K 
(SLAO 0/2/0). 

The use of our buffer technique eliminates the hazardous effects of the film- 
susbtrate interface (due to mismatch and chemical interactions) on the su- 
perconducting properties of these extremely thin films. Our method allows 
the experimentalist to grow quasi two-dimensional superconducting films, an 
interesting tool for physical investigations and device applications. 



Notice that the crystallographic unit cell of LSCO contains two copper oxide 
planes. 
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2 Experimental and fabrication details 

The samples studied in this report were thin films grown in a molecular beam 
epitaxy (MBE) system. The sample fabrication details were reported elsewhere 
[2]. The method used to grow epitaxial thin films consists of a block-by-block 
deposition [3] . The oxygenation of the films during the deposition and the cool 
down is provided by a RF plasma source of atomic oxygen. A reflection high- 
energy electron diffraction (RHEED) system allows us to monitor the growth 
process, in particular the quality of the in-plane growth. 

The choice of the substrate and the resulting strain effects play an important 
role in the structural quality [4] and physical properties [5] of the film. In 
this work, ultra-thin films were deposited on (100) SrTi0 3 (STO) and (001) 
SrLaA10 4 (SLAO) substrates. The thickness of the buffer layers was adapted 
to the two substrates. Due to a larger mismatch, the buffer layer on a STO 
substrate is thicker (10 UC) than on a SLAO substrate (4 UC), allowing a 
better film-substrate interface decoupling 2 (Fig. 1 a). 

In order to understand whether the Sr interlayer diffusion across the interface 
increases the effective number of UC necessary for superconductivity, we con- 
sider the case where the interlayer diffusion is limited to the single unit cell film 
with nominal concentration x=0.1 and the adjacent bottom and top layers, 
half-UC thick, with nominal concentration x=0.4. The rest of the layers are 
assumed to act as reservoirs with an almost constant concentration x=0.4. The 
interaction of the upper superconducting half-UC with the first cap half-UC 

2 SLAO (compressive) a axis = 3.754 A, STO (tensile) a axis = 3.905 A, LSCO with 
x = 0.1, a axis = 3.784 A. 
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will give for each half-UC an average concentration x — (0.1 + 0.4)/2 = 0.25 
(Fig. 1 b). The scenario for the lower superconducting half-UC is identical. 
The final result would be a film with 4 half UC with x=0.25. LSCO com- 
pounds with this Sr concentration are metallic and at the upper overdoped 
limit of the superconducting phase boundary. With this assumption, a lower 
amount of Sr diffusion will not increase the number of superconducting lay- 
ers. However, we can not exclude a rise of the effective doping level in the 
superconducting layer (s). 

Instead of using a metallic buffer, it is also possible to choose an insulating 
material, by reducing the Sr content of the LSCO buffer below x=0.05. In this 
way, the Sr in-diffusion is excluded. However, such LCO and low doped LSCO 
can be driven superconducting by adding interstitial oxygen [6]. This process 
occurs preferentially at low Sr concentration. Note that the growing LSCO or 
LCO films doped with interstitial oxygen is more difficult to master than by 
varying the Sr concentration. 

3 Structural properties 

The x-ray diffraction measurements confirm the c-axis growth of the films de- 
posited on SLAO and STO. From conventional 6 — 26 scans, a linear regression 
of the (00£) peaks positions gives an average lattice parameter 3 which for the 
film 4/1/2 on SLAO substrate is c=(13.285±0.010) A (Fig. 2). Finite-size ef- 
fect oscillations were observed at low angle and around the (00£) peaks (£ = 
2, 4, 6, 8), allowing a good estimate of the total film thickness. For the 4/1/2 

3 to be compared with the bulk value (x=0.4) : c=(13.26±0.01) A [7] 
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film grown on SLAO, finite-size effect oscillation observed around the (004) 
peak give a thickness of 89.4 A, in agreement with the presence of 7 UC of 
13.285 A. Pole figure of the (103) plane of the film, measured on the same 
sample, confirms the epitaxial growth. 

4 Superconducting properties 

4-1 Resistivity measurements 

Resistivity measurements were performed in a cryoprobe (range 300K — > 4.2 
K), using a standard DC four-point method. Contacts were made with four 
indium wires pressed onto the top of the film structures. The measurements 
(Fig. 3) performed on different samples provide evidence of superconductivity 
in samples as thin as 1 UC on SLAO and 2 UC on STO. No superconductivity 
was observed in the film with a similar nominal Sr concentration but with 
only one copper oxide plane. These results demonstrate the validity of the 
homoeptiaxial buffer layer technique and tell us that the Sr interdiffusion is 
small enough not to depress the superconducting behavior. The thickness has 
a major influence on the superconducting properties. The superconducting 
critical temperatures T c0 (as defined by the bottom of the resistivity transi- 
tion) for the layers grown on SLAO are respectively 12.5 K and 25 K for the 1 
UC and 2 UC thin films. On STO substrates, the T c0 are 5.7 K for a 2 UC and 
11.3 K for a 4 UC thin film. The fact that T c0 is found to be proportional to 
the film thickness is consistent with two-dimensional behavior [8]. At identical 
thickness, the critical temperature of layers grown on STO is much lower than 
the one obtained for a film grown on the SLAO. The overall resistance of the 
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whole three-layers structure results from the contributions of the individual 
layers, which have not been investigated in detail. Nevertheless, the tempera- 
ture dependence in the normal state is consistent with the value obtained for 
x=0.4 doped LSCO films [9]. 

4-2 Magnetic penetration depth measurements 

The measurements of the magnetic penetration depth were performed using a 
two-coil technique [10] . Briefly, this method measures, contact-less and with 
an astatically wound coil, the response (due to screening currents) of a sample 
excited by an external AC electromagnetic field. The complex sheet impedance 
of the film is extracted from the signal measured with a lock-in amplifier. The 
inductive part of the sheet impedance of the superconducting film (the so 
called kinetic inductance Lk) is related to the bulk in-plane magnetic pene- 
tration depth A a 6 by the following relation: L k {T) = wA ° 6 ^ , where d is the 
thickness of the film. 

All inductive measurements were performed in a 3 He cryostat. Notice that the 
inductive method probes the onset of global superconducting phase coherence. 
For this reason the T c deduced from the inductive measurements is lower than 
that extracted from the resistive transitions [11]. 

As shown in figure 4, the zero-temperature value A~ b 2 (0) for the 1 UC film 
grown on SLAO was deduced by fitting the kinetic inductance data to the 
parabolic expression A~ fc 2 (T) = A~ fe 2 (0) • (1 — (^) 2 ) [12]. A similar procedure 
was used to fit the low-temperature data of the 4 UC film grown on STO. Al- 
though both films exhibit almost identical critical temperatures (~8.5 K), the 
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1 UC film has a smaller value of the magnetic penetration depth (A a ft(0)=535 
nm) than the 4 UC film (A a ft(0)=760 nm). This shows the superior structural 
quality of the film grown on SLAO, in agreement with previous observations 
[5]. We also notice that the values of A a b(0) obtained using the buffer technique 
are much smaller than that (A a {,(0)= 2.3 jum) for a 2 UC film grown directly 
on SLAO (see Fig. 4), thereby demonstrating the significant advantage of our 
method. An other remarkable feature emerges if one compares the penetra- 
tion depth of the 1 UC film grown on SLAO (A a b(0)=535 nm) with that of 
optimally doped LSCO (bulk) single crystals (Tc=35 K and A afe (0)=300 nm 
[13]). Assuming two-dimensional behavior, for which one expects T c oc A~ b 2 , 
one deduces that the structural quality of the ultrathin films grown on SLAO 
with our homoepitaxial buffer technique is comparable to that of LSCO single 
crystals. 



5 Conclusions 



The homoepitaxial buffer technique is an efficient tool to further reduce the 
superconducting minimal thickness. An X-ray characterization proved the high 
structural quality (c-axis orientation and epitaxy) of the films. Values obtained 
for the penetration depth and T c confirm the correlated role of substrate choice 
and homoepitaxial buffer technique when growing very high quality ultra-thin 
La2_ :r Sr 2 .Cu0 4 films. Finally, the work we present here forms a new starting 
point for investigations of physical properties in ultra-thin superconducting 
layers and research of device applications. 
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Fig. 1. Homoepitaxial buffer technique applied to L^-zSr^CuC^ compounds, (a): 
general scheme for the two different kinds of substrate. Notation: B/F/C corre- 
sponds, respectively, to the number of buffer layer unit cells (B), superconducting 
thin film (F), and metallic cap (C). (b): model for the influence of Sr interdiffusion 
in the SLAO 4/1/2 compound. 
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Fig. 2. X-ray diffraction pattern of 4/1/2 LSCO thin film on SLAO: 9-29 scan 
showing the LSCO (001) reflection with their finite size effect oscillations as well 
as the peaks due to the substrate (S). The peak denoted by (M) comes from the 
material used to hold the sample in the diffractometer. 
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Fig. 3. Resistance measurements for different thicknesses and kinds of substrate. 
The curves are plotted in terms of the resistance as measured between two indium 
contacts (10 mm long) separated by 4 mm. 
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Fig. 4. Inverse kinetic inductance (oc A^ 2 ) vs the temperature for samples on differ- 
ent substrates and with different thicknesses. The inductive measurement presented 
here was performed with a frequency of 1kHz and a drive current of 10 //A. All 
films (LSCO 4/1/2, STO 10/4/2 and buffer-less SLAO 0/2/0) present a similar 
critical temperature. The dashed lines show the quadratic fit of the data in the low 
temperature regime. 
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